Introduction
Myocardial ischaemia remains the major cause of death, following both elective and emergency cardiac surgery.
However, the classic sign of chest pain is masked in the perioperative period. 1, 2 During this period, myocardial ischaemia often presents with pulmonary oedema, a low cardiac output state requiring an increase in inotropic support, new onset arrhythmias, new wall motion abnormalities, raised cardiac enzymes, multi-organ dysfunction, and death. [2] [3] [4] During coronary artery bypass graft surgery (CABG),
there is an imbalance in oxygen demand and supply to the myocardium. 4 Surgery leads to the amelioration of ischaemia, and an improvement in symptoms in the long term. 4, 5 However, the operative period is highly important as a determinant of short-and long-term outcome. 4, 6 This is a period of increased vulnerability to coronary events. 6, 7 A previous review has estimated the postoperative myocardial infarction rate to be in the range of 1-25%, with mortality ranging from 0.5-14%. 6, 7 The aetiology of mortality and morbidity is multifactorial, and includes hemodynamic instability, graft anatomical and functional failure, myocardial ischaemia during aortic cross-clamp, reperfusion injury, cardioplegia-induced myocardial dysfunction, and activation of the inflammatory Myocardial ischaemia during coronary artery bypass graft surgery: a review of the pathophysiology (Part 1) and coagulation cascades. 3, 5, 8 The period of increased risk is the early postoperative period. 3 The role of the stress response
There is an established stress response to surgery and anaesthesia. This stress response is mediated by the neuro-endocrine system with the release of catabolic and immunosuppressive hormones, and the activation of the sympathetic nervous system. 5,9 CABG surgery, blood transfusion, hypothermia, cardiopulmonary bypass (CPB) and anaesthesia, trigger this response equally. 1, 10 The stress response is characterised by increased secretion by the pituitary hormones, and activation of the sympathetic nervous system. 9 Hypothalamic activation of the sympathetic autonomic system results in increased secretion of catecholamines from the adrenal medulla, and the release of norepinephrine from the presynaptic nerve terminals. 9 Norepinephrine is a primary neurotransmitter, but there is some spillover from nerve terminals into the circulation. 9 The increased sympathetic activity results in adverse cardiovascular events of tachycardia and hypertension. 11 During CABG surgery, the periods of highest risk include the peri-induction and postoperative period, when anaesthesia is lighter, and the sympathetic output is the highest.
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Catecholamines released by the neuroendocrine response lead to shear stress in the already compromised coronary vasculature. 11, 12 This may lead to plaque fissuring and rupture. 3, 12 The acute stress of surgery and mechanical injury induces a hypercoagulable inflammatory state, that increases the risk of coronary thrombus formation. 12 The sympathetic hyperactivity promotes hypercoagulability by upregulating coagulation and platelet function, and downregulating fibrinolysis. [12] [13] [14] In addition, excess sheer stress during cardiopulmonary bypass may cause damage to blood constituents, contributing to endothelial injury and platelet activation. 13 Increased platelet activation secondary to epinephrine, in conjunction with decreased fibrinolysis, may lead to venous graft occlusion within the first month after surgery. [12] [13] [14] Endothelial damage, with expression of tissue factor, also leads to increased coagulation and decreased fibrinolysis. 15 This further compromises oxygen supply. 12 The overall result of the activation of the neuroendocrine system is twofold. It increases catabolism, which mobilises substrates to provide energy sources, and it also activates a mechanism to retain salt and water, and maintain fluid volume and cardiovascular homeostasis. 10 These responses evolved as survival mechanisms to allow sustenance until healing has taken place, but may cause more harm in the perioperative period. 10 The question we probably should ask ourselves, as Roizen did in an editorial in 1988, 16 is: "Should we all have a sympathectomy at birth? Or at least perioperatively?" Although this concept may appear desirable, it has to be dealt with cautiously, bearing in mind the positive effect of the sympathetic system on transmural coronary perfusion.
The role of the inflammatory response
Tissue and peripheral nerve injury lead to a local inflammatory reaction, accompanied by elevated concentrations of various mediators. 1, 17 Although there are inconsistencies in the literature, the release of proinflammatory markers, such as tumour necrosis factor alpha (TNF α) and interleukin-1 (IL-1), and anti-inflammatory markers such as IL-6 and IL-8 have been shown to be of particular significance. 1, 17, 18 Tissue injury and oedema follow a number of humoural and cellular inflammatory pathways. Different cytokines, complement, bradykinin and kallikrein stimulate the endothelium, and activate platelets and leukocytes. This results in a procoagulant state. Drugs used in anaesthesia and intensive care may modulate the stress response by influencing and modifying these intercellular communications. 19, 20 The cardiopulmonary bypass machine, through complement activation, is a major contributor to the inflammatory response. 1, 21 Although blood component transfusion enhances oxygencarrying capacity, volume support of cardiac output and haemostasis, it is associated with immunomodulation, that may lead to multi-organ failure. 22 Hibernation, stunning and preconditioning Episodes of deficient coronary arterial blood supply can manifest in hibernation, stunning, or preconditioning. 23 Hibernation is a state of myocardial acontractility with downregulated metabolism, due to depressed flow and function. 23, 24 Stunning is a transient reversible dysfunction, provided sufficient time is allowed for recovery. 23, 24 It is characterised by a flow-function mismatch. The two phenomena can be differentiated by radionuclear scans. 23 Contrary to hibernation and stunning, episodes of transient ischaemia can lead to protection of the myocardium from extensive necrosis through ischaemic preconditioning. These episodes need to be short, followed by episodes of reperfusion (Figure 1) . A preconditioned myocardium exhibits metabolic and physiological changes attributed to the activation of G protein-coupled receptors, multiple protein kinases and adenosine triphosphate (ATP) sensitive potassium channels. 23 Preconditioning can also be elicited pharmacologically, and at remote anatomical tissues. 24 
Ischaemia reperfusion
Myocardial ischaemia results in a state of anaerobic glycolysis. This leads to the accumulation of products such as lactate, dihydronicotinamide adenine dinucleotide and hydrogen ions. 24, 25 The Na + /H + pump fails. The increase in intracellular sodium serves to drive the Na + /Ca 2+ pump. The result of this is increased accumulation of calcium in the cells, and failure of the integrity of the membrane lipids and oedema. 25, 26 Reperfusion is followed by the generation of cytotoxic oxygen metabolites. The failing heart is deficient in antioxidant enzymes, and therefore fails to respond to oxygen-free radicals.
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The cardiac enzymes
Cardiac enzymes are elevated within 24 hours in 90% of patients who have undergone cardiac surgery. 27 Cardiac troponin (cT) isoforms, either T or I, are proteins belonging to the thin filament regulatory system of the contractile complex. 28 Cardiac troponin I is a 24-kd protein, uniquely expressed in the human heart, and is thus not confounded by skeletal muscle proteins in the interpretation of laboratory values. 28 Compared to creatine kinase MB, troponins have been shown to be more specific and sensitive to myocardial injury. 28 
A comparison of troponins in cardiac surgery vs. myocardial infarction
Cardiac troponins, particularly cTn I, have a short halflife in the myocardium. 29 During ischaemia, progressive intracellular degradation takes place. 29 To allow preservation, the enzymes are released as complexes, viz. troponin I-troponin C, troponin I-troponin T, troponin I-troponin T and C covalent complexes. This enhances their sensitivity. 29 Troponin covalent complexes with troponin T and C appear with mild ischaemia, and disappear with more severe injury. 29 The elimination of these enzymes takes place in the liver, pancreas, kidney and reticuloendothelial system. 29 Impaired clearance, in particular during multi-organ failure, may lead to prolonged increases.
In acute coronary syndrome, plasma troponin levels correlate strongly with the extent of myocardial injury, as well as with morbidity and mortality. [28] [29] [30] Cardiac surgery also leads to an increase in plasma troponin levels. 29, 30 The pattern of this increase, when compared to that of myocardial infarction with or without reperfusion, is suggestive of different pathophysiological mechanisms. 28 An evaluation of the wash-in and washout curves of troponin post-surgery and post-myocardial infarction (MI), have shown a steeper upslope and slower downslope in post-surgical patients (Figure 2) . 28 It is believed that the fast peak observed with surgery is due to enhanced cell membrane permeability, rather than permanent cellular damage, as seen in MI. 23 Plasma troponin levels reach a peak seven hours after cardiac surgery, and peak 18 hours post-MI, which has been confirmed by electrocardiographic criteria. 28 The slow washout may be attributed to the fact that the ischaemic insult after surgery may be milder than post-MI, with troponin appearing as a complex, rather than a free form, rendering it less vulnerable to degradation.
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The relationship between ischaemic markers and outcome
The troponin level, measured 20-24 hours postoperatively, is an independent predictor of in-hospital death after cardiac surgery. 28, 30, 31 In addition, it is associated with major postoperative complications. 7, 27, 28, [30] [31] [32] [33] [34] There is no correlation of peak troponin T with the preoperative ejection fraction. 28 Although there is some heterogeneity in the cut-off points, there was a highly significant association between cardiac events and clinical end-points, with troponin levels of > 60 ng/ml, and hospital deaths of up to 44% in one study. 28 Alternatively, Nesher et al suggested an association between major adverse cardiac events and troponin levels eight times the upper range of normal. 27 Troponin levels below 40 ng/ml are associated with no cardiac events. 28 
Summary
In the CABG surgery patient, the impact of ischaemiareperfusion, systemic inflammatory response syndrome, postoperative organ dysfunction and auto-transfusion of shed mediastinal blood rich in troponins, may complicate the correlation of enzyme level to myocardial injury. 29 Blood transfusion, CPB and cross-clamp times have also been shown to have an effect on troponin levels. 33 Enzyme levels rise less in CABG and aortic valve surgery, than in intracardiac and combined procedures. 31, 32 This is due to the direct injury of myocardial cells in the latter. 
